The enantiopure 1,1¢-spirobiindane-7,7¢-diol (SPINOL) and its 4,4¢-derivatives 4,4¢-diiodo-1,1¢-spirobiindane-7,7¢-diol (DISPINOL) and 4,4¢-dimethyl-1,1¢-spirobiindane-7,7¢-diol (DMS-PINOL) have been synthesized effectively via (1S)-(-)-4,4¢-dibromo-1,1¢-spirobiindane-7,7¢-diyl bismenthyl carbonate with BuLi following the cleavage of the bismenthyl carbonate. Their absolute configurations were assigned by chemical correlation. They are also applied in the form of their Ti-alkoxides as catalysts for the addition of diethylzinc to aldehydes. The addition reactions proceeded with high conversions and enantioselectivities up to 88%. The effect of substitution of the substrate was studied.
Lewis acid catalyzed enantioselective carbon-carbon bond formation is one of the most interesting challenges in catalytic asymmetric synthesis. 1 A convenient route for this synthesis is the addition of diethylzinc to aldehydes. 2 Titanium catalysts prepared in situ from titanium tetraisopropoxide and chiral diols have been proved to be highly effective for this type of reaction. 2, 3 Seebach and coworkers carried out in an extensive study in1991 on using the titanium complexes of TADDOLs for the asymmetric organozinc addition. After that, BINOL-based ligands and H 8 -BINOL, two types of biphenyl with C 2 -symmetric chirality emerged. 2 Most of them are axially chiral diols ( Figure 1 ).
Recently, a newly reported C 2 symmetrical diol, 1,1¢spirobiindane-7,7¢-diol (SPINOL) has proven to be an excellent framework for chiral ligands in hydrogenation, 4a ,b,d,e conjugate addition of diethylzinc to enones 4c and allylic alkylation. 4f Enantiopure SPINOL has been prepared by Birman 5 and Zhou 6 and Zhou also described the synthesis of 4,4¢-substituted SPINOL in hydrogenation. 4e We have recently synthesized racemic 4,4¢-dibromo-1,1¢-spirobiindane-7,7¢-diol (DBSPINOL) and developed a mild, rapid and convenient method to resolve it with crude (-)-menthyl chloroformate following the cleavage of the menthyl dicarbonates (Scheme 1). 7 Herein we chose the easily prepared compounds 1 and 2 for the synthesis of (R)-(+)-SPINOL, (S)-(-)-SPINOL and some 4,4¢-substituted enantiopure ligands for the enantioselective addition of diethylzinc to aldehydes, which has become a classical test in the design of new ligands for catalytic enantioselective synthesis.
Scheme 1 Synthesis of enantiopure SPINOL and its 4,4¢-derivatives
Delogu and coworkers reported the bromination of biphenyl dicarbonates using BTEA·Br 3 in the presence of acetic acid and ZnCl 2 at 60°C. 8 Fortunately, we also found that menthyl dicarbonate in 1 was stable to BuLi at low temperature and stable to acid at room temperature. Herein it is successfully used as the protecting group to prepare enantiopure SPINOL and 4,4¢-derivatives through replacing the two bromine atoms by electrophiles. 9 The deprotection of the hydroxy group was performed via aqueous 5 [a] 25 D -32.7 (c 1.0, CHCl 3 )}. Since the stereogenic center was not modified in our synthesis, the absolute configuration of DBSPINOL formed from 1 was chemically correlated to be S. With similar treatment of diastereomer 2, another enantiopure SPINOL was obtained with [a] 13 D +33.2 (c 1.0, CHCl 3 ). Therefore, the absolute configuration of DBSPINOL formed from 2 was found to be R configuration {lit. 5 [a] 25 D +32.5 (c 1.0, CHCl 3 )}. The use of the diastereomers 1 and 2 from simple crystallization avoided the complicated column chromatography of the diastereomers of SPINOL. 5 Under similar conditions, reaction of I 2 or MeI as electrophiles on the pure form of diastereomer 1 led to the formation of 4,4¢-derivatives, enantiopure DISPINOL and DM-SPINOL, in good yields. Their configurations prepared in this procedure were also S, based on apparent chemical correlation.
Enantioselective Addition of Diethylzinc to Aromatic Aldehydes
Since benzaldehyde has been most extensively studied, we focused our effort on the diethylzinc addition to benzaldehyde in our initial study (Scheme 2). By using the catalyst conveniently prepared in situ from Ti(Oi-Pr) 4 and (R)-SPINOL, benzaldehyde was smoothly alkylated to the secondary alcohol in high conversions (Table 1) .
Scheme 2
The results in Table 1 show that the enantioselectivity of the reaction was insensitive to the temperature tested, and since the temperature of 0°C was readily achieved in the laboratory, it was chosen to be the preferred condition for the rest of the study. The solvent effect was examined using commonly used organic solvents. Almost quantitative conversions were obtained when the reactions were carried out at 0°C for 12 h. Enantioselectivity was found to be relatively independent on the solvents used, with the results of toluene (86% ee), dichloromethane (88% ee), THF (80% ee) and diethyl ether (84% ee). These observations were quite similar to those when BINOL was used as a chiral ligand. Since dichloromethane gave the best rate and enantioselectivity, it was chosen to be the preferred solvent for the rest of the study.
The optimized conditions were then used in the addition of diethylzinc to a variety of aromatic aldehydes and the synthesized derivatives; the results are summarized in Table 2 . It is clearly observed that ligands (S)-DB-SPINOL, (S)-DMSPINOL and (S)-DISPINOL give the product in 84, 84 and 83% ee, respectively (entries 2-4), which are slightly lower than those that obtained with the ligand SPINOL. The enantioselectivities catalyzed by Ti-SPINOL results are similar to those from the same reactions catalyzed by Ti-BINOL. A comparison of the results from the entries reveals the detrimental effect on enantioselectivity of ortho-substituents. This is probably due to the strong steric hindrance effect of the ortho-substituent, which significantly weakens the coordination of the aldehyde and consequently lowers the enantioselectivity of the reaction. The electronic effects from substrates are less significant as compared with the steric hindrance effect in influencing the enantioselectivity of the reaction.
In summary, we have developed a simple, inexpensive and potentially general method to synthesize enantiopure SPINOL and its 4,4¢-substituted enantiopure ligands by combining resolution and protection of DBSPINOL with menthyl chloroformate. By this method, we also determined their configurations. For the first time, (S)-SPINOL and its 4,4¢-derivaties, (S)-DBSPINOL, (S)-DMSPINOL and (S)-DISPINOL with C 2 -symmetric spirocyclic framework, were applied in Lewis acid catalyzed asymmetric synthesis, which induced high conversions and a moderate to high enantioselectivity for the production of chiral secondary alcohols from the diethylzinc addition to aromatic aldehydes, except for the ortho-substituted aldehydes. Further work is underway to develop other new SPINOL-based ligands and investigate the effect of substitution of the ligand in catalyzed asymmetric synthesis. 
(S)-(-)-DISPINOL
To a solution of 1 (0.70 g, 0.90 mmol) in THF (7 mL) was added a hexane solution of BuLi (2.87 M, 2.8 mL, 2.3 mmol) at -78°C under argon. The reaction mixture was stirred for 30 min and then a solution of iodine (1.0 g, 3.9 mmol) in THF (1.2 mL) was added. The reaction mixture was allowed to warm to r.t. over 12 h and quenched with H 2 O. The resulting mixture was treated with aq NaHSO 3 (10%) to destroy iodine. After stirring for 1 h, the organic layer was washed with sat. aq NaHCO 3 , H 2 O and brine, and dried (Na 2 SO 4 ). After evaporation of the solvents, the residue was purified by column chromatography (silica gel; hexane-EtOAc, 9:1) and recrystallized (CH 2 Cl 2 -hexane) to afford purified DISPINOL bismenthyl carbonate. Enantiomerically pure (-)-menthol was obtained from hexane solution (0.23 g; 100% recovery yield).
(S)-(+)-DMSPINOL
A solution of 2 (0.78 g, 1.0 mmol) in THF (20 mL) was charged with BuLi (1.4 mL, 2.88 M) in hexane at -78°C under Ar atmosphere. After stirring for 1 h at -78°C, the reaction was carried out in the same way described above by using iodomethane as a electrophile reagent to give 5. Cleavage of the menthyl dicarbonates was carried out using a similar method to afford 4,4¢-DMSPINOL. Enantiomerically pure (-)-menthol was obtained from hexane solution (0.21 g, 100% recovery yield).
Enantioselective Addition of Diethylzinc to Aldehydes; General Procedure
Titanium tetraisopropoxide (240 mL, 0.8 mmol) was added to a solution of (R)-SPINOL (25.2 mg, 0.1 mmol) in CH 2 Cl 2 (4.0 mL) at r.t. and stirred for 15 min followed by the addition of a solution of diethylzinc (1 M; 1.5 mL, 1.5 mmol) in hexane and continued stirring for 15 min. The solution was then cooled to 0°C, benzaldehyde (51.0 mL, 0.5 mmol) was added and the mixture was allowed to stir at 0°C for 12 h. The reaction was quenched with aq HCl (1.0 M; 8.0 mL), and the product was extracted with Et 2 O (8.0 mL) and dried (MgSO 4 ). After removal of the solvent at r.t., the residue was purified by column chromatography (silica gel; EtOAc-hexanes, 1:5). The conversion and enantioselectivity of the reaction were determined by GLC.
